Abstract: Flow cytometry was used to study the lag, exponential, stationary and death phases of non-fixed cultures of Escherichia coli. Fluctuations in the forward angle scatter signal (FALS) were compared with cell size as measured by scanning electron microscopy at low temperature and image analysis. A correlation between FALS and cell size was not observed, although a correlation (r = -0.8) was obtained between FALS and the age of the culture for the first eleven days of incubation. Marked increases in FALS were observed during the lag phase, which were attributed both to changes in size and changes in structure or chemical composition. The distribution of FALS for all culture phases was asymmetric, and was associated with the cell size distribution.
Introduction
Flow cytometry is a well-established method for measuring selected physical and chemical characteristics of individual cells. In the last 15 years flow cytometers have been applied to microorganisms in studies with diverse aims [1] [2] [3] [4] [5] . The lack of correlation between light-scatter and size has recently been recognized in bacteria [6, 7] , although some authors have reported that forward scatter is correlated with cell volume [8, 9, 10] . The aim of the present study was to compare cell size with FALS in different phases of batch culture of E. coli. 
Materials and Methods

Strain, growth conditions and viable counts
E. coli 536, an isolate from a human urinary tract infection [11] , was used in this study. The liquid medium used to grow E. coil was LuriaBertani Broth (LB). The inoculum volume was 0.05%. Tubes (18 X 180 mm) containing 10 ml of LB medium were held in a roller drum at a 5 ° angle and at 37°C (Cell Mixer, model CM200 X Major, Luckham Ltd, Sussex, UK) and rotated at 50 rpm. Viable counts were calculated from the colony forming units on TSA (Tryptone soya agar) incubated at 30°C for 5 days.
Flow cytometric analysis
The instrument was a Coulter Epics Elite flow cytometer with an air-cooled 488 nm argon-ion 
Scanning electron microscopy
Liquid samples (2-4 drops) from the cultures were deposited on a 0.2 /~m pore size polycarbonate filter (Nuclepore Corporation, Pleasanton, CA) previously installed on a Swinnex filter holder (Millipore). The liquids from the sample and the washing buffer were aspirated using a syringe. The filters and cells were mounted on a specimen stub and immediately frozen by immersion in a fresh nitrogen slush in an Oxford CT1500 Cryopreparation system. The stub was then transferred to the microscope chamber and sublimation (-80/90°C) was carried out. The specimens were subsequently sputtered with gold for 4 rain at 0.5 mbar and 1 mA in an argon-filled cooling unit. Cells were observed in a Jeol J840 electron microscope adapted with a cryostage to maintain specimen temperature at -195°C, at 15 kV acceleration voltage, 15-25/~m working distance and about 0.5 nA beam current. The electron micrographs were stored in an image processing system ("IMAT" developed by the Unitat de Tractament d'Imatge, Servei Cientifico TEcnic de la Universitat de Barcelona), with a spatial resolution of 0.03-0.06 ~m/pixel and 256 grey levels, working in UNIX with X-Windows. The end points of every cell in the field of vision was delineated by a moveable cursor.
Results and Discussion
FALS variations during batch culture
Non-fixed cells were used to study the relation between FALS and cell size, since fixation has been shown to modify the refractive index and size of the cell [12] . A significant increase in FALS was observed just before the initiation of exponential growth (lag phase corresponding to the first 10-180 min of incubation). After a very rapid increase in FALS for the first 60 rain of incubation, a maximum value was reached between 1-3 h, which decreased thereafter during exponential phase (Fig. 1) . The maximum signal was two or three-fold stronger than the average FALS values during the exponential or stationary phase.
The FALS variations during exponential and stationary phase were not correlated with variations in cell size assessed by low temperature scanning electron microscopy ( Table 1) . Whether the FALS increase corresponded to an increase in cell size or to a change in the refractive index a n = number of independent cultures; b CV = coefficient of variation (%).
as a consequence of variations in cell structure or chemical composition is uncertain, because cells in the exponential phase contain more biomass, protein, DNA and RNA than in lag or stationary phase, and the cell structure is also different [13] [14] [15] .
A negative correlation (Y =-13.070 X + 254.74; r = -0.8193) between FALS and the age of the culture was observed during the first eleven days of incubation. No further correlation was observed between FALS and the incubation time from the 11th day to day 155 ( Fig. 2) .
Although some authors have reported that forward scatter is correlated with cell volume [8, 9, 10] , the lack of correlation between light-scatter and size has also been recently recognized in bacteria [6, 7] . This lack of correlation can be explained because light scattering is sensitive to cell size, shape and internal structure and cell envelopes [6, 7, 16] . E. coli is a rod (a structure very far from the perfect sphere for which the light scattering theory was established and verified), which can result in a wide range of FALS variations, the interpretation of which is very difficult. It is well known that the cells from old bacterial cultures progressively reduce their size with respect to young cells, but structural and chemical changes also occur [17] . Consequently, the FALS decrease is not associated solely with cell size changes in old cultures.
Cell size distribution assessed by FALS
At any time of the lag, exponential, stationary or death phase, the distribution of FALS values 227 was asymmetric (Fig. 3) in accordance with the model of biomass distribution of Koch and Higgins [18, 19] . The histograms of FALS distribution show a skewness (a measurement of the symmetry) ranging from 1.1 to 3 and kurtosis (the degree of peakedness) ranging from 5 to 21, both fluctuating in parallel during the first 20 days and becoming lower and stable thereafter (Fig. 4) , indicating that the distribution tends to be normal or Gaussian (skewness of zero and kurtosis of 3) after 20 days of incubation.
In a culture of bacteria, at any instant of the lag, exponential, stationary or death phase, there is a range of cell sizes ( [17] [18] [19] [20] [21] and Table 1 ), the distribution of which is asymmetric [17, 20, 21] . This asymmetric distribution indicates that cultures contain more young cells than old and about four times as many cells in the smallest size class as in the largest. At any specific moment of the culture it is assumed that the chemical composition of the cells in the population is homogeneous [15] . If so, the FALS distribution at any instant of time may be the expression of the cell size distribution. This correlation is especially significant during exponential growth, which is the most homogeneous phase of a culture [15] .
